Somatic-cell hybrids have been shown to maintain the correct epigenetic chromatin states to study developmental globin gene expression as well as gene expression on the active and inactive X chromosomes. This suggests the potential use of somatic-cell hybrids containing either a maternal or a paternal human chromosome as a model system to study known imprinted genes and to identify as-yet-unknown imprinted genes. Testing gene expression by using reverse transcription followed by PCR, we show that functional imprints are maintained at four previously characterized 15q11-q13 loci in hybrids containing a single human chromosome 15 and at two chromosome 11p15 loci in hybrids containing a single chromosome 11. In contrast, three ␥-aminobutyric acid type A receptor subunit genes in 15q12-q13 are nonimprinted. Furthermore, we have found that differential DNA methylation imprints at the SNRPN promoter and at a CpG island in 11p15 are also maintained in somatic-cell hybrids. Somatic-cell hybrids therefore are a valid and powerful system for studying known imprinted genes as well as for rapidly identifying new imprinted genes.
The process of genomic imprinting differentially marks genes in the germ line such that gene expression in the embryo and adult depends on the sex of the transmitting parent. This unequal parental contribution to offspring was first demonstrated by pronuclear transplantation studies in the mouse (1) and was further supported by breeding experiments giving rise to mice with uniparental disomy (UPD) for portions of their genome (2) . Imprinting effects were shown for 10 regions on 6 different chromosomes, with phenotypes ranging from embryonic lethality to more subtle growth abnormalities (1, 2) . To date, most of the imprinted genes in the mouse have been shown to have imprinted homologs in humans. Based on results from mice generated to have UPD for portions of their genome (2) , one may expect 10 or more imprinted domains in humans, each containing multiple imprinted loci.
Recently, genomic imprinting has been shown to be involved in the etiology of human disease. Prader-Willi syndrome (PWS) and Angelman syndrome (AS) are clinically distinct disorders caused by the lack of expression of genes in chromosome 15q11-q13 (3). Most commonly, PWS arises from a paternally inherited de novo 4-Mb deletion of this region (Ϸ75% of cases) or from a maternally inherited UPD (Ϸ25% of cases). Conversely, AS most frequently results from the maternal inheritance of an identical deletion, and paternal UPD has been shown in approximately 2% of cases. Some AS and PWS patients have mutations in the imprinting process (3, 4) . Most recently, about 5% of AS patients have been shown to have mutations in the UBE3A gene (5) , although the basis for AS in the remaining 10-15% of patients is unclear. Similarly, Beckwith-Weidemann syndrome, a fetal overgrowth syndrome associated with a high incidence of Wilms tumors, is caused both by maternal chromosome 11p15 loss or rearrangement and paternal isodisomy (6) . Furthermore, mutations in the imprinted p57 KIP2 (CDKN1C) gene have been discovered in some patients with Beckwith-Weidemann syndrome (7) , and the maternal (expressed) copy of this gene has been shown to be preferentially deleted in many lung cancers (8) and down-regulated in Wilms tumors (9, 10) . Although the aforementioned phenotypes are readily discernible, it is likely that many more genes are subject to genomic imprinting, defects in which may lead to more subtle phenotypes.
With the importance of genomic imprinting in human disease and the relative frequency with which genes in imprinted domains are being discovered in both the mouse and human, there is a critical need for a general model system with which to identify novel imprinted genes in humans and to further characterize and potentially manipulate known imprinted genes. Currently, cell lines from patients with UPD or deletions of specific parental origins are available for very few chromosomes (11) . In contrast, the availability of interspecific backcrosses makes determination of allele specificity of expression relatively easy in the mouse (12) (13) (14) . However, because not all genes may show conserved imprinting, e.g., IGF2R (15) , it is important to test each candidate human gene.
Previously, it has been demonstrated (16) that somatic-cell hybrids produced by fusing human erythroid cells expressing an embryonic, fetal, or adult ␤-like globin gene with mouse erythroleukemia cells, an adult cell type, retain expression of the appropriate human globin gene, indicating that the chromosomal state of the ␤-globin locus is transferred intact in these hybrid cells. Somatic-cell hybrids also have been shown to faithfully maintain the active or inactive state of the X chromosome and thus have been instrumental in determining which genes are subject to and which genes escape from X inactivation (17) . Combined, these data suggest that the epigenetic state of a chromosome can be stably transferred into cells of a different developmental and͞or differentiation stage and maintain its initial pattern of gene expression. Based on these results, and to provide a general model system for assaying novel imprinted genes, we have tested somatic-cell hybrids containing individual human chromosomes for the maintenance of characteristics of imprinted genes, including monoallelic expression and differential DNA methylation of maternal and paternal alleles. Here we show that imprinted gene expression and DNA methylation of critical CpG islands are faithfully maintained in somatic-cell hybrids. We also demonstrate that the ␥-aminobutyric acid type A (GABA A ) receptor genes in 15q12-q13 are not imprinted, contrary to a recent report (18) .
MATERIALS AND METHODS
Cell Culture and Hybrids. Standard tissue-culture techniques were used to propagate the hybrid cell lines (Tables 1 and 2 ) used in this study. Chromosome 11 hybrids (Table 2) were obtained from the NIGMS Coriell Cell Repositories (Camden, NJ). It is important to note that hybrid cell lines may be karyotypically unstable and should be regularly assessed for chromosome content by either cytogenetic or molecular methods. Drug selection used in tissue culture may help to stabilize the genotype of cell lines; in particular, the chromosomes 15 in hybrids A15 and A9ϩ15 confer neomycin resistance on those hybrids (19, 20) .
DNA Methylation Analysis. DNA extraction and Southern hybridizations were performed by using standard procedures (21) . For SNRPN, genomic DNA from cell lines was digested with XbaI and the methyl-sensitive NotI restriction enzymes, electrophoresed on a 0.8% gel, analyzed by Southern blotting, and hybridized with a SNRPN exon 1 probe (21) . For D15S63 and ZNF127, DNA was digested with BglII and HhaI or EcoRI and HpaII and probed with PW71B or a 1.3-kb TaqI͞EcoRI fragment of DN34, respectively. For the chromosome 11p15 region, genomic DNA was digested with BamHI and NotI, blotted as above, and hybridized with a probe for a differentially methylated CpG island that maps to an intron of KVLQT1 (KCNA9). The image was exposed by using a PhosphorImager (Molecular Dynamics).
RNA Extraction and Reverse Transcription-PCR (RT-PCR).
Total RNA was extracted from fibroblast cell lines twice (to remove DNA contamination) by using RNAzolB (Cinna͞Biotecx Laboratories, Friendswood, TX), and 5 g was reversetranscribed by using SuperScriptII (GIBCO͞BRL) with random hexamers as a primer, and 1͞25 of the RT reaction was used for subsequent 50-l PCR amplifications. Primers and conditions for PCR were as described: 60A and 60B for IPW (22) ; RN85 and RN133 for SNRPN (21) ; PAR5 (23); P1 and P2 followed by P3 and P4 (nested) for H19 (24) . For IGF2, primers used were RN245, 5Ј-CTCGTGCTGCATTGCTGC-3Ј and RN246, 5Ј-GGACTG-CTTCCAGGTGTC-3Ј. The following conditions were used: denaturation for 30 sec at 94°C, annealing for 30 sec at 58°C, and extension for 1 min at 72°C for 35 cycles. For RPS12, primers were F, 5Ј-ATTCAGCTTCACCCGTAACC-3Јand R, 5Ј-CAACCA-CTTTACGGGGATTC-3Ј. The following conditions were used: 30 sec at 94°C, 30 sec at 56°C, and 30 sec at 72°C for 35 cycles. For WT1, primers were W1, 5Ј-ATCCTCTGCGGAGCCCAATA-3Ј and W3, 5Ј-ACTGTGCTGCCTGGGACA-3Ј, and the following conditions were used: 30 sec at 94°C, 30 sec at 55°C, and 30 sec at 72°C. For NDN (NECDIN), primers were RN700, 5Ј-AGCC-CCAAAAGAACTCGTATT-3Ј and RN709, 5Ј-CAGAAGGC-GCACGAGCTC-3Ј, and the following conditions were used: 30 sec at 94°C, 30 sec at 60°C, 30 sec at 72°C. GABRA5 primers were RN786, 5Ј-GAGAACATCAGCACCAGCACAG-3Ј and RN787, 5Ј-AAGACGAAGGCATAGCACACAG-3Ј; GABRB3 primers were RN788, 5Ј-AGAATCACCACGACAGCAGC-AT-3Ј and RN789, 5Ј-CCAGAAGGACACCCACGACAGA-3Ј; GABRG3 primers were RN790, 5Ј-TCACCATTCAGACATA-CATTCC-3Ј and RN791, 5Ј-CATCCAGACACTCATCGCCA-CA-3Ј. Cycling conditions for the GABA A receptor genes were 35 cycles of 95°C for 30 sec, 62°C for 30 sec, and 72°C for 30 sec. Primers for TAPA1 (CD81) were TAPA1a, 5Ј-ACTGACTGC-TTTGACCACC-3Ј and TAPA1b, 5Ј-TCCACTCATACACGC-CACC-3Ј and cycling conditions as for IGF2, above. GABRA5 and GABRB3 were expressed at sufficiently high levels such that RT-PCR products could be seen directly on ethidium bromidestained agarose gels, whereas RT-PCR products for GABRG3 had to be blotted and hybridized with a cDNA probe.
Microsatellite Marker Analysis and Expressed Polymorphisms. Dinucleotide repeat alleles of D15S123 (Genome DataBase, Baltimore) were amplified by using 50 ng of DNA and a [␥- 32 P]dATP-end-labeled forward primer. PCR was carried out in a 15-l reaction volume that included 200 mM each dATP, dCTP, dGTP, and dTTP and 1.5 l of 10ϫ reaction buffer, reverse primer, and 0.5 units of Taq polymerase (Boehringer Mannheim). Samples were amplified in a thermocycler for 30 cycles (95°C, 30 sec; 55°C, 30 sec; 72°C, 30 sec) followed by a 6-min 72°C incubation. Before loading, 1.5 vol of 95% formamide loading buffer was aliquoted to each sample, which was electrophoresed on a 6% polyacrylamide gel (National Diagnostics). The gel was then transferred to 3M Whatman paper, dried, and exposed to autoradiographic film (Biomax) for 16 hr. Expressed polymorphisms in IPW (22) and SNRPN (25) were analyzed as described.
RESULTS

Strategy for a Somatic-Cell Hybrid Model to Study Genomic
Imprinting. Genomic imprinting results in predominant-gene expression from one parental allele in somatic cells, although this may be subject to temporal and͞or tissue-specific regulation. To test the fidelity of genomic imprints in somatic-cell hybrids, cell lines were grown to near confluency and DNA and total RNA were isolated. These lines were assayed for gene expression by using RT-PCR and for DNA methylation by using Southern blot analysis. In all cases, PCR primer pairs are specific for human sequence and are unable to amplify the orthologous rodent gene. Thirteen hybrids believed to contain a single human chromosome 15 were used for analysis of genes in the PWS͞AS-critical region (Fig. 1a) , and eight hybrids containing a single human chromosome 11 were used to assay genes in 11p15 (Fig. 1b) . It is worth noting that our hybrid cell lines were generated by using various rodent backgrounds in the fusion process and that some hybrids contain a single human chromosome, whereas others contain a large complement of human chromosomes (Tables 1 and 2 ). However, neither of these variables appears to have had any effect on our assays.
Expression and Methylation Imprints in Chromosome 15q11-q13. We first tested hybrids containing chromosome 15 for maintenance of methylation and expression imprints at the SNRPN locus. SNRPN encodes the small nuclear ribonuclear protein N, a polypeptide believed to be involved in tissue-specific splicing of mRNAs. Previous studies (21, 23, 26) have established that the SNRPN transcript is expressed only from the paternal allele and that this allele is unmethylated at the SNRPN promoter. Eleven of 13 hybrids showed only a single methylated or unmethylated allele ( Fig. 2a; Table 1 ), and seven of these expressed the SNRPN transcript ( Fig. 3a ; Table 1 ). Importantly, expression and methylation patterns were concordant, so that hybrids that were unmethylated at the SNRPN promoter expressed the transcript, whereas those that were methylated did not express the transcript. All hybrids expressed the nonimprinted chromosome 15 control gene RPS12 (Fig. 3d) .
In two hybrids, 15A and 55R-16, both a methylated and an unmethylated allele were detected ( Fig. 2a; data not shown), and both hybrids express the SNRPN transcript (Fig. 3a) , suggesting either a relaxation of the imprint in tissue culture or the presence of both a maternal and a paternal chromosome in these cell lines. To distinguish between these possibilities, we PCR-amplified across a previously described HphI polymorphism in exon 3 of the IPW gene (ref. 22; see Fig. 1 ) and digested the products to show the presence of two alleles in the DNA of each hybrid, only one of which is present in the cDNA from each hybrid ( Fig. 4a ; data not shown). Furthermore, fluorescence in situ hybridization using a commercial SNRPN cosmid and cells from hybrid 15A confirmed the presence of an intact chromosome 15 in most cells and a second human fragment containing SNRPN in about 10% of cells (National Institute of General Medical Sciences catalog, 1995; J. M. Amos-Landgraf and R.D.N., unpublished data). These data prove the presence of two chromosomes 15 in hybrids 15A and 55R-16. Therefore, monoallelic gene expression has been maintained in the entire panel of chromosome-15 hybrids, some of which are more than 10 yr old and have endured more than 100 passages in tissue culture.
Designating chromosomes in the hybrids as either maternal or paternal was initially done on the basis of previously established imprinting patterns; however, it was a formal possibility that during the process of fusing cell lines, or after many passages in tissue culture, genomic imprints might have been reversed. To address this possibility, an informative microsatellite marker was typed in the hybrid cell line GAR-1 as well as in the hybrid cell line donor and the parents of the hybrid cell line donor (Fig. 4b) . The haplotype analysis shows that the chromosome 15 contained in the GAR-1 hybrid is of maternal origin, corroborating the methylation and expression data. A second hybrid cell line containing a t(15:19) translocation previously determined to be of paternal origin (27) likewise was shown to maintain the correct paternal methylation pattern ( Fig. 2a; Table 1 ). Therefore, it is likely that all of the hybrids that are unmethylated and express SNRPN contain a single human chromosome 15 of paternal origin, whereas all of the hybrids that are methylated at SNRPN and do not express the transcript contain a single human chromosome 15 of maternal origin.
Additionally, as methylation at the SNRPN CpG island is strictly maintained in all tested somatic-cell hybrids, we were able to use this assay to assign a parental origin to a de novo translocation chromosome in one cell line. Thus, the t(X;15) chromosome in hybrid DUA-1a (28), which is unmethylated at the SNRPN promoter, is likely of paternal origin (Fig. 2a) .
To further characterize the panel of hybrids, RT-PCR was performed for the imprinted, paternally expressed IPW gene (22) , the PAR5 expressed sequence tag (23) , and the recently identified NDN gene (29, 30) . In each hybrid, expression of IPW, PAR5, and NDN (Fig. 3 ) correlated with the assigned paternal or maternal origin of each chromosome 15, as inferred from the SNRPN expression and methylation data (Table 1) , confirming our finding that imprinted gene expression is strictly maintained in these somatic-cell hybrids. However, methylation of D15S63, a locus previously shown to be unmethylated on the paternal allele and methylated on the maternal allele (31), was not maintained in the hybrids, with most hybrids being hypomethylated (Fig. 2b) . Similarly, DNA methylation was not maintained at the ZNF127 CpG island (data not shown).
Nonimprinted Genes in Chromosome 15q11-q13. Recently, it was reported that the human GABA A receptor genes in 15q12-q13 were imprinted and expressed exclusively from the paternal chromosome in hybrid cell lines generated by using microcellmediated chromosome transfer (18) . Because studies in the mouse suggested that these genes are not imprinted (32-34), we investigated the imprinted status of the human GABA A receptor genes in our panel of hybrids by using RT-PCR. All three genes were amplified equally well for hybrids containing either a maternal or a paternal chromosome 15 ( Fig. 3 f and g; data not shown). Thus, in our system, the GABA A receptor genes are not imprinted.
Expression and Methylation Imprints in 11p15. Maintenance of a methylation imprint in chromosome 11p15 was assayed at a CpG island in an intron of the KVLQT1 gene previously shown to be unmethylated on the paternal chromosome and methylated on the maternal chromosome (M.J.H., unpublished data). In each hybrid containing an individual human chromosome 11, a single unmethylated allele or methylated allele was present, consistent with retention of methylation imprints at this locus ( Fig. 5a ; Table  2 ).
Further studies were performed to characterize the reciprocally imprinted IGF2 and H19 genes in the hybrid cell lines carrying a single human chromosome 11. H19 is primarily expressed from the maternal allele only (24), whereas IGF2 is expressed only from the paternal allele (35) . Though neither gene was highly expressed, RT-PCR data revealed that IGF2 was expressed in four hybrids and H19 was expressed in the remaining two hybrids derived from human fibroblasts ( Fig. 5b; Table 2 ). Hybrids derived from human lymphoblasts did not express reproducibly detectable levels of IGF2 or H19 mRNA. For five of the six hybrids, the H19͞IGF2 expression and KVLQT1 intronic methylation data were concordant; however, hybrid GM10927B was unmethylated at the 11p15 NotI site but expressed H19. In repeated RT-PCR experiments, weak IGF2 expression also was occasionally seen in this hybrid (data not shown). Because hybrid GM10927B was derived from amniotic fibroblasts and imprinting of H19 in the placenta has been shown to depend on developmental stage and cell type (36) , fusion of a cell with biparental H19 expression could result in expression from a paternally derived chromosome. Alternatively, in this cell, H19 may be regulated independently of IGF2 (37) or the domain containing the KVLQT1 intronic NotI site; the latter is suggested by mouse studies (38) . Expression of KVLQT1 was not detectable in any of the chromosome 11 hybrids. The control gene, WT1 (39), demonstrates polymorphic imprinting in preterm placentae and fetal brain (40) but generally shows biallelic expression, consistent with its expression in all somatic-cell hybrid lines. Also, TAPA1, a gene mapping between the imprinted KVLQT1 and ASCL2 genes (41) and which can be inferred from knockout experiments in the mouse not to be imprinted (42) was expressed from both chromosomes in our hybrid panel (Fig. 5b) .
DISCUSSION
With the increased interest in the phenomenon of genomic imprinting and the rapid discovery of new transcripts in imprinted domains, there is a great need for a model system to study imprinted genes. Current methods for proving the imprinted status of a gene rely on finding a sequence polymorphism as well as informative families and can be very time consuming. Our approach for overcoming these obstacles is to assay for monoallelic gene expression from somatic-cell hybrids containing individual human chromosomes. By using this powerful system, it is possible to test for expression from one parental chromosome simply by performing RT-PCR on a panel of well-characterized hybrids. We have demonstrated that somatic-cell hybrids do maintain functional (expression) imprints with high fidelity. This has been shown for four known imprinted genes in chromosome 15q11-q13, as well as for two oppositely imprinted genes in chromosome 11p15. The single chromosome-11 hybrid that demonstrated potentially discordant results may be readily explained by the cell type used in generating this hybrid (36, 37) . Indeed, this is further testament to the evidence that the transcriptional state of the chromosome at the time of fusion is retained in somatic-cell hybrids. Combined, these data suggest that somatic-cell hybrids can be used as a powerful reagent to assess whether any human gene is imprinted and to describe from which parental allele it is expressed.
By using a panel of chromosome-15 hybrids, we were able to independently demonstrate that the NDN gene is imprinted and expressed only from the paternal chromosome, as recently reported by others (29, 30) . This is of particular interest with respect to the sensitivity of this method, as mouse Ndn has been shown to be expressed only in neurons by Northern blot analysis and is undetectable in other tissues by these measures (43) , yet is easily detectable by RT-PCR in somatic-cell hybrids containing a paternal human chromosome 15.
Our data also refute a recent report that the three GABA A receptor subunit genes in chromosome 15q12-q13 are imprinted with exclusive expression from the paternal allele only (18) . In an earlier study (44) , GABRB3 was suggested to show exclusive maternally derived expression based on differential expression between hydatidiform moles (paternal genome only) and ovarian teratomas (maternal genome only); however, these tumors represent highly differentiated tissues that are not true models for genomic imprinting studies (21, 45, 46) . In the mouse, all three GABA A receptor subunit genes, Gabrb3, Gabra5, and Gabrg3, show equal levels of expression in brain and other tissues after paternal or maternal inheritance of deletions spanning these genes, suggesting that none of these genes is imprinted (32, 33) . Regional specific imprinting is unlikely, at least for Gabrb3, as Ϸ90-95% of homozygous deleted mice die as neonates, most with an associated cleft-palate phenotype (34, 47) . Heterozygous Gabrb3 knockout mice also show intermediate values for mRNA levels as well as electrophysiological and electroencephalogram recording abnormalities compared with wild-type and Gabrb3-null mice (34) . Although there may be cases of imprinted mouse genes in which the human gene appears not to be imprinted (e.g., IGF2R), studies on the mouse homologs of human 15q11-q13 genes have shown that all are conserved in relative chromosome position, structure, sequence, and imprinting status (3). Therefore, it is likely that the human GABA A receptor genes are nonimprinted, as shown here.
Of interest, we have found that somatic-cell hybrids are often, but not always, a reliable resource for assaying DNA methylation imprints. We were able to demonstrate faithful retention of a methylation imprint in all hybrids tested only at the SNRPN and NDN (T.G.G., J.M.G., and R.D.N., unpublished data) promoters in 15q11-q13 and at a KVLQT1 intronic CpG island in 11p15. The strict retention of the SNRPN methylation imprint could be indicative of its central importance in imprinting in this region. SNRPN is located in the middle of the 15q11-q13 imprinted domain and has been proposed to be an important component of the imprinting center involved in germ-line switching of the imprint for all imprinted genes in 15q11-q13 (3, 4) . The SNRPN promoter methylation imprint, assayed here, is maintained in all somatic tissues tested to date (21) . In contrast, differential methylation at ZNF127 is maintained only in the brain, with leukocytes and fibroblasts showing partial methylation on both alleles (M. T. C. Jung, C. C. Glenn, D. J. Driscoll, R.D.N., unpublished data). Thus, individual cells fused in generating the hybrids may show different methylation levels at these and other loci. Sites in which DNA methylation is not maintained may not represent the critical CpG residues involved in regulating imprinted-gene expression in this system. Alternatively, it is possible that the particular chromatin state associated with maternally and paternally imprinted chromosomes, perhaps in concert with specific trans factors, is sufficient to maintain imprinted-gene expression. This would then be analogous to the maintenance of It is important to note that this system is constrained by the limitations imposed by imprinted genes subject to temporal and͞or tissue-specific regulation. Although we generally have met with success in assaying imprinted-gene expression, we were not able to consistently detect expression of the ZNF127 transcript, presumably because of low levels of expression and or mRNA instability in the cell types used to generate our hybrid cell lines. The corollary to this may also be true; that is, because of the relative sensitivity of RT-PCR, one may detect expression of a transcript in both maternal and paternal chromosome containing hybrids when in fact, expression is predominantly silenced on one chromosome. This type of ''leaky'' expression has been shown for p57 KIP2 (6) and IMPT1͞ORCTL2 (48, 49) .
The fact that imprinted-gene expression is maintained in somatic-cell hybrids is important not only for its scientific utility but from an evolutionary point of view. Once replicated, the human chromosomes contained in the hybrid cell lines are remodeled using rodent proteins. The perpetuation of expression imprints strongly supports the existence of evolutionarily conserved factors involved in maintenance of genomic imprinting, perhaps including cis DNA elements and͞or chromatin proteins, and is consistent with the maintenance of developmental globingene expression (16) and X chromosome inactivation (17) states in somatic-cell hybrids. One use of this system may be to analyze molecular mechanisms involved in the maintenance of genomic imprints in somatic cells; for example, by testing the efficacy of various chemicals to activate genes normally silenced by genomic imprinting. It has been shown that treatment of cells with 5-azacytidine can demethylate promoters and induce transcriptional activation (50) , including reactivation of X-linked genes in somatic-cell hybrids containing a previously inactive X chromosome (51) . Similarly, histone H4 acetylation has been associated with transcriptional activation (52) , so that treatment of cell lines with sodium butyrate or Trichostatin A, inhibitors of histone deacetylase, also may have direct effects on imprinted gene activity (53) .
At present, however, we envision this model system being most useful in rapidly determining the imprinted status of transcripts. This will be particularly true as the Human Genome Project identifies a large number of genes mapping within or near regions thought to be imprinted. A panel of somatic-cell hybrids containing a maternal or paternal homolog of each human chromosome suspected to contain imprinted genes would be an invaluable resource for such imprinting assays.
